In this paper, a novel very compact inter-embedded artificial magnetic conductor (IE-AMC) structure is presented. Compared with conventional Sievenpiper AMC structure, for a desired band-gap frequency, the cell size of this novel IE-AMC structure is reduced about 70% with the same substrate used. Therefore, in practical application to microwave integrated circuits and antenna arrays for suppressing surface, for a given available space, more AMC structure cells can be used, and the performance of circuits and antennas can be improved more. On the other hand, low frequency surface wave band-gap which is applied to wireless communication band (GSM, PCS and ISM) can be obtained using IE-AMC structure.
Introduction
Artificial magnetic conductor (AMC) structures are widely studied recently because of its two valuable properties, suppressing surface wave and reflecting the plane wave in-phase. A mushroom-like AMC structure was introduced firstly by Sievenpiper [1] , [2] , which is named Sievenpiper structure in this paper. Its unit cell is composed of a patch and a via connecting the patch and ground plane, which is shown in Fig.1(a) . It is a resonant electromagnetic band-gap (EBG) structure instead of a Bragg scattering one, because it does not derive its surface wave suppressing property from Bragg scattering between the waves and its periodic unit cell. Because of its two unique properties, AMC structure has been widely used in electromagnetic and antenna community [3] - [9] . However, in low frequency band, i.e. wireless communication band (GSM, PCS and ISM), it is difficult to utilize the AMC structure because of its large cell size. Three-layer AMC structures [2] are proposed and used for GSM and Bluetooth applications [10] - [11] . Nevertheless, three-layer structures are difficult to fabricate and the cost is high. Moreover, it is difficult to integrate a three-layer structure with microwave integrated circuits and antennas, which are two-layer structures. Some methods for reducing the cell size of two-layer AMC structure are presented [12] , however, none can decrease the size better than 30%. In this paper, an inter-embedded (IE) technique is used. Every cell extends four meandered branches, which are embedded in neighboring four cells, and the structure becomes inter-embedded, as shown in Fig. 1 (b) . With this novel technique, a decrease about 70% in cell size can be achieved compared with Sievenpiper structure.
Structure Design
IE-AMC structure cell has four meandered branches that are embedded in neighboring cells. We name the structure by level N IE-AMC structure shown in Fig.2 , which N is the number of segments parallel to patch side in one branch. For Sievenpiper structure, which is a resonant AMC structure, the proximity of the neighboring metal patch provides the capacitance (C), and the long conducting path linking them together provides the inductance (L), so the resonant frequency is determined by 1/2π √ LC. With the branches embedded each other more in IE-AMC structure, the equivalent capacitance (C) is increased greatly because the coupling between cells is enhanced more, therefore the resonant frequency of IE-AMC structure is decreased greatly. In order to compare easily, for both structures, the cell size is fixed at 7.2×7.2mm
2 , and the gap width and branch line width are all 0.2mm. The radius of via is 0.4mm. A substrate with a thickness 2mm and relative permittivity 2.65 is used for both structures.
Results and Discussions

A. Simulated Results
Finite element method is used to analyze both structures. The reflection phase property of Sievenpiper structure is shown in Fig.3 . A band-gap from 5.45GHz to 6.95GHz corresponding to the 90
• and −90
• reflection phase respectively is founded, and the resonant frequency is 6.15GHz. Fig.4 shows the reflection phase of IE-AMC structure. From level 1 structure to level 4 structure, the resonant frequencies are 3.98GHz, 2.45GHz, 1.98GHz and 1.72GHz in order. A remarkable decrease is achieved. For the level 4 structure, resonant frequency is decreased by 4.53GHz, and the relative value is about 73.7%. However, when the resonant frequency is decreased greatly by using the inter-embedded technique, the bandgap width becomes narrow sharply, especially level 4 structure whose is only 2.3%. According to the method of equivalent circuit analysis [2] , the relative bandwidth ∆f /f 0 is proportional to L/C. For IE-AMC structure, the equivalent capacitance is increased greatly, but the equivalent inductance is not changed, so the band width suffers badly. However IE-AMC structure is still effective for the application to conventional microstrip patch antenna whose operating band width is only 2-3%. Since the equivalent inductance L = µt, where t is the thickness of substrate, the band-gap width could be increased by using thick substrate. If a 4mm thickness substrate is used, a 40% increase in band-gap width could be achieved. The surface wave dispersion diagrams of Sievenpiper AMC structure and level 2 IE AMC structure are shown in Fig.5 , in which the band-gap is indicated with shadow region. Surface wave band-gap is decreased about 60% for level 2 IE-AMC structure, and this agrees with the reflection phase band-gap. 
B. Measured Results
Two practical circuits including 18×18 cells are fabricated. One is the Sievenpiper AMC structure, and the other is Level 2 IE-AMC structure. The measurement of surface wave transmission is carried out to determine the band-gap and to verify the simulated results. An Advantest R3767CG vector network analyzer is used. Measured results are shown in Fig.6 . There is a small shift between measured and simulated results shown in Fig.5 , which due to only finite 18×18 cells are included in practical circuits. 
Conclusion
A novel IE-AMC structure is introduced in this paper. Compared with the Sievenpiper AMC structure, a 73.7% decrease in resonant frequency is achieved by using IE technique. This technique makes it possible to apply AMC structure in wireless communication band (GSM, ISM) with a small size. And this novel AMC structure can be applied to microwave integrated circuits and antennas with a smaller size compared with the conventional Sievenpiper structure. In other words, more cells can be employed when given a fixed available space, and the performance of integrated circuits and antennas can be improved more. However, the band-gap width suffers badly. This problem can be solved to a certain extent by employing a thick substrate.
